N-type semiconducting molybdenum trioxide (MoO3) nanoparticles embedded in polyethylene oxide (PEO) polymer ultra-fine fibres were deposited directly onto silicon substrates using an electrospinning technique. The effects of different MoO3/PEO concentrations as well as electrospinning parameters on the fibre morphologies were examined. Experimental results show that embedding nanoparticles and electrospinning onto small areas can be achieved without use of solvents or transfer of the deposited nanostructures. This approach offers a cost effective fabrication method to produce a diverse range of multifunctional materials for many applications including electronics, mechanical enhancement, drug delivery and gas sensing.
Introduction
One dimensional (1D) nanostructures in the form of wires, belts, rods, tubes and fibres have been extensively utilized in different electrochemical, optical, and bio-sensing applications [1] [2] [3] [4] [5] [6] [7] [8] . The increase in demand for these nanostructures is mainly attributed to their unique electrical, optical, magnetic, thermal, mechanical and chemical properties [5, 9] . Several fabrication methods including electrochemical deposition [10] , electroless deposition [11] , sol-gel [12] , chemical vapour deposition (CVD) [13, 14] , and atomic layer deposition (ALD) [15] have been utilized to deposit 1D carbon [13, 14] , metal [15] , oxide [12] , semiconducting [12] , polymer [10] , and hybrid [11] nanostructures. However, the CVD and ALD processes require high deposition temperatures, typically ranging between 500 °C and 900 °C. In addition, the required pre-processing steps (e.g., generation of nucleation sites) add to process complexity.
Other deposition processes like sol-gel, electroless, and electrochemical depositions require the substrate to be immersed in an aqueous solution for a deposition process. Immersion in aqueous solutions makes the synthesis of nanostructures incompatible with many fabrication processes for microsystems [11] . On the other hand, electrospinning, a versatile and cost effective deposition method has demonstrated the capacity to deposit ultrafine fibres of different materials (such as polymers, metals, metal-oxides and composites) with diameters ranging from a few tens of nanometers to a few microns in various fibrous assemblies including mixed nanocomposite, doublelayers, core-shell or hollow [5, 9, [16] [17] [18] [19] .
Recently, incorporating functional nanoparticles (NPs) with electrospun fibres has attracted considerable attention in several multidisciplinary research fields [5, 20] . Zhang and Yu have recently reviewed NPs-electrospun fibre composite fabrications and their applications [5] . NPselectrospun fibres significantly improve different physical and chemical perturbation properties of the electrospun fibres/mats. On the other hand, electrospun fibres/mats could preserve NPs from corrosion and/or oxidation, especially for NPs with anisotropic structures [5] .
There are two major methods for producing electrospun NP fibres [5] . Indirect synthesis is used when NPs are not well dispersed within the solution used for electrospinning. Hence, postprocessing treatments such as surface treatment [21, 22] , hydrothermal [23, 24] , or gas-solid reaction [25] are required to incorporate NPs into the electrospun fibres. Based on different posttreatment methods, the NPs can be formed on the surfaces or embedded within the fibres. Direct synthesis of electrospun NP fibres occurs when uniformly distributed NPs in polymer solution are electrospun to produce composite fibres. The properties of the composites can be easily engineered by controlling the concentration of the NPs within the polymer fibres. In addition, the NPs are not notably deformed nor affected by the electrospinning process, making this method much more versatile than indirect synthesis [5] .
Molybdenum trioxide (MoO3) is a wide bandgap n-type semiconductor. The nanostructured form of this material has shown great potential in different applications including as a catalyst [26] , in largearea display devices [27] , as gas sensors [6] [7] [8] 28] , and as batteries [29] . According to the literature, a few research groups have developed electrospun MoO3 nanofibres using different precursors and polymers [29] [30] [31] [32] . Gouma [29] . In all these reports, an organic solvent was used for the electrospinning solution. In addition, the electrospun fibres were dispersed in an organic solvent in order to be transferred onto a small substrate for subsequent applications. This article, on the other hand, presents a simple and cost-effective one-step process without using any organic solvent to electrospin MoO3 NPs fibres directly onto a small area with a controlled and selective deposition area.
In this work, several solutions of PEO and MoO3 in deionized (DI) water at different concentrations were prepared and electrospun. Different electrospinning parameters including solution concentration, distance between the needle and the collector, applied voltage, feeding rate and needle size were optimized in order to obtain quality nanofibres. The basic electrospinning setup was simply modified by using a multiple field technique in order to reduce and control the deposition area [33] . The PEO/MoO3 NPs fibres were successfully electrospun directly onto small substrates without requiring an additional post-deposition transfer step. The materials properties of the electrospun PEO ultra-fine fibres with incorporated MoO3 NPs were investigated using a range of analytical tools.
Experimental Section

Sample Preparation
PEO powder with molecular weight of 400,000 and MoO3 powder (99.98% purity) purchased from Sigma Aldrich were mixed with distilled water as the solvent to prepare required solutions for the electrospinning experiments. Different PEO concentrations (10, 15, 17, 20 New Era Pump Systems, Inc. and a 1 ml plastic syringe with a blunt metal needle. Different electrospinning parameters including solution concentration, distance between the needle and the collector, applied voltage, feeding rate and needle size as summarized in Table 1 were examined in
order to obtain quality nanofibres. An optical microscope was utilized for rapid analysis of materials on substrates. 
Electrospinning
Electrospinning is a relatively simple technique which utilizes high electrostatic forces to produce fine fibres from polymer solutions. Due to surface tension forces, the solution forms small droplets at the needle tip as it is ejected at a controlled rate by the syringe pump. Applying high voltage between the needle and electrode builds up charge on the droplet surface. Eventually, electrostatic repulsive forces due to charge build up overcome surface tension forces at the needle tip. Thus, a
Talyor cone is formed, causing the liquid jet to stretch as it is deposited towards the ground collector. Fibres are formed as the solvent evaporates and solidified jets approach the electrodes at the collector [5, 9, [16] [17] [18] .
The electrospinning process is governed by solution parameters including solution viscosity, polymer concentration, molecular weight, conductivity, and surface tension. In addition, the applied voltage, the distance between the needle tip and the collector, feeding rate, humidity, and temperature significantly influence the morphology and diameter of electrospun fibres. Therefore,
proper optimization of these parameters is required to obtain nanofibres with desired morphology and diameters [5, 9, [16] [17] [18] .
In order to control and reduce the deposition area of the fibres, we modified the multiple field technique proposed by Deitzel et al. [33] . Deitzel's group employed rings placed below the tip of the spinneret as auxiliary electrodes with a positive charge different from the voltage applied to the tip and a negative charge applied to the collector. In our setup, a metallic ring with diameter of Rt~5 cm was connected to the tip of the needle and another metallic ring with diameter of Rc~4 cm was mounted at a distance of 2 cm from the collector (Figure 1 ). The electrospinning parameters were optimized to obtain fibres. Voltages of +9.5 kV and +2.6 kV were applied to the tip of the needle (and ring Rt) and Rc, respectively. The distance between the needle and collector was set to Figure 1 . Schematic diagram of multi-field electrospinning setup.
Material Characterization
Structure, morphology and elemental composition of the electrospun nanofibres were analysed using field emission scanning electron microscopy (FEI Nova NanoSEM equipped with an energy dispersive X-ray detector) and a transmission electron microscope with an EDX detector (FEI Osiris) was used for STEM/EDX mapping. Fourier Transform infrared (FT-IR) spectra were measured on a Nicolet iS50 spectrometer, which incorporates a single bounce diamond ATR module with a dedicated deuterated triglycine sulfate DTGS detector (Thermo Fisher Scientific Inc.,
Madison, WI, USA). The samples, as deposited on the Si substrate were placed fibre-side down and pressed directly onto the diamond refractive element of the ATR crystal. Spectra were accumulated for 64 scans at a resolution of 4 cm -1 across the region from 4000-600 cm -1 . ATR correction and baseline subtractions were performed using Nicolet OMNIC V 9 software.
Results and Discussion
By optimizing the electrospinning deposition conditions (Table 1) , beaded fibres were initially obtained by using 15% PEO and 5% MoO3 solutions with the parameters of 10 cm distance between needle tip and collector; 21 G needle; voltage of 12 kV, volume ratio of 10:1 for PEO:MoO3 solutions and feeding rate of 0.1 mL/hr (Sample 9). One parameter that influences the generation of beads is the solution concentration [34] . The viscosity and concentration of the solution play important roles in determining the fibre morphology during electrospinning. The viscosity of the solution is strongly related to solids concentration. It has been reported that with very high viscosity the ejection of jets from the polymer solution is difficult and also with very low viscosity, there is no continuous fibre formation [34] . Therefore, we investigated the effect of an increase in the concentrations of PEO and MoO3 solutions on the generation of beads while other parameters for Sample 9 were kept constant.
By increasing the PEO concentrations from 15% to 20%, fibres were not formed (Samples 10 and 11), while an increase in the concentration of MoO3 resulted in a reduction of beads in the fibres (Samples 12 and 13). As mentioned above, the deposition area can be reduced by employing a multiple filed technique, which is attributed to dampening the bending instability [33] . In this work, firstly a metallic ring Rt ( Figure 1 ) was connected to the tip of needle with the same high voltage as applied to the needle.
By the reducing the diameter of the ring (down to 5 cm), we could reduce the deposition area down to 8-9 mm (as shown in Figure 6a ). To further reduce the diameter of the deposited area, a second ring, Rc (Figure 1 ) was added to the setup. By optimization of the electrospinning parameters as described in the experimental section, the deposition area was significantly reduced to about 4 mm diameter (Figure 6b ) as compared to the deposition area of 1 cm diameter reported by Deitzel et al. [33] . This simple modification to the electrospinning process, "controlled electrospinning", enables precise deposition of nanofibres on small substrates for different applications or for selective deposition of nanofibre mats onto larger substrates. Figure 6 . Photos of a reduced deposition area from a focused jet using a multi-field technique;
(a) 8-9 mm diameter using one ring and (b) ~4 mm diameter using two rings.
The effect of the secondary voltage of Rc on the fibre morphology was investigated by SEM. Figure 7a shows a SEM micrograph of the sample with 15% PEO incorporated with 0.1g MoO3 powder as electrospun on a Si substrate using the multi-field electrospinning setup. Comparison of the plots for size distribution of fibre diameters for two samples electrospun with basic and multifield setup (Figures 4b and 7b , respectively) confirm a reduction in fibre diameter. This reduction could be attributed to the higher voltage between the syringe tip and the collector for the multi-field setup compared with the basic setup [33, 34] . When a higher voltage is applied, both columbic forces in the jet and the electric field are stronger. This difference for the multi-field setup results in greater stretching of the solution and a reduction in the fibre diameter [34] . wagging modes and the complex of bands centred at 1101 cm -1 that arise from C-O-C stretching motions of the polymer backbone [35] . The appearance of the CH2 doublet can be used as an unambiguous measure of crystallinity since the higher wavenumber component decreases in intensity as the crystallinity is decreased with the doublet eventually collapsing to a single mode in amorphous PEO. The C-O-C bands are also sensitive to crystallinity but have also been found to be very responsive to other interactions such as coordination of cations such as K + in KBr pellets and Li + in PEO-lithium salt electrolytes [35] .
The IR spectrum of the 15% PEO + 0.1g of MoO3 fibres electrospun by the basic setup is shown in Figure 8b . The higher wavenumber component of the CH2 doublet (1359 cm -1 ) has increased in intensity compared to the previous spectrum indicating the PEO in this sample is more crystalline.
This result could be in part due to the larger diameter of these nanofibres, as shown in Figures 4a and b, compared those of the pure 15% PEO shown in Figure 2a . A larger diameter nanofiber provides a greater degree of freedom for polymer chains to rearrange and to align in a more crystalline fashion with drying.
The IR spectrum also reveals changes to the C-O-C band profile that could reflect both an increase in crystallinity and interactions between the C-O-C groups and the MoO3. However, it is difficult to tease apart these two effects. Weak bands in the spectrum at 984, 901 and 809 cm -1 confirm the presence of MoO3 [36] . The middle band has been shown to exhibit strong LO-TO effects in the order of hundreds of wavenumbers, hence its position is sensitive to the size and morphology of the crystallites. So although the peak at 901 cm -1 in this sample occurs at considerably higher wavenumbers than is found in larger MoO3 crystals (~850 cm -1 ), the other bands correspond quite well with peaks of orthorhombic MoO3. From the EDX maps in Figure 5 , the domain size of the MoO3 particles appears to be ~10 nm, so the observed wavenumber shift could be a result of thesmall size of the crystallites, which have nevertheless preserved their orthorhombic structure.
The spectrum in Figure 8c was recorded from the 15% PEO + 0.1g MoO3 nanofibres produced with the multi-field electrospinning setup. Inspection of the CH2 doublet reveals that crystallinity has decreased markedly in these fibres, reflecting in part smaller diameters that result from the multifield setup (Figure 7) . However, the MoO3 must also have a direct effect on the PEO chains, further reducing PEO crystallinity, because the fibre diameters are not markedly smaller than those of the pure PEO. Also the C-O-C band at 1102 cm -1 has become very strong and sharp; an effect reported previously when the polymer chains interacted strongly with K + and Li + ions in the cases mentioned above [35] . The exact nature of the interaction is uncertain in this case but the small particle size and high surface area leave plenty of scope for the oxygen of the polymer ether groups to donate to the incomplete Mo coordination sphere at the MoO3 crystal domain boundaries. 
Conclusions
We have successfully synthesised high quality ultra-fine fibres embedded with MoO3 nanoparticles using an electrospinning technique. SEM characterisation revealed that the number of beads and droplets reduces with increased concentration of MoO3 in solution. STEM analysis showed a uniform distribution of nanoparticles inside the fibres. FT-IR measurements confirmed that the chemical structure of the MoO3 is preserved in the fibres. FT-IR also indicated that there is a strong interaction between the nanoparticles and the polymer chains, which would help minimise aggregation of nanoparticles. Our simple multi-field electrospinning setup employing two rings offers control over the location and size of the deposition area down to a few millimetres. These experiments confirmed that a simple direct synthesis of nanopartilce fibres as well as multi-field electrospinning setup offer a cost effective fabrication method for small substrates without the need for organic solvents or subsequent transfer of deposited nanostructures. These electrospun MoO3 nanoparticles show high potential for gas sensing applications due to the high surface areas achieved by this preparation process. This simple process also opens up the possibility of synthesizing nanofibres embedded with other metal-oxide nanoparticles as a sensing layer.
